Abstract-When simulating light collection in scintillators, modeling the angular distribution of optical light reflectance from surfaces is very important. Since light reflectance is poorly understood, either purely specular or purely diffuse reflectance is generally assumed. In this paper we measure the optical reflectance distribution for eleven commonly used reflectors. A 440 nm, output power stabilized, un-polarized laser is shone onto a reflector at a fixed angle of incidence. The reflected light's angular distribution is measured by an array of silicon photodiodes. The photodiodes are movable to cover 2 of solid angle. The light-induced current is, through a multiplexer, read out with a digital multimeter. A Lab-VIEW program controls the motion of the laser and the photodiode array, the multiplexer, and the data collection. The laser can be positioned at any angle with a position accuracy of 10 arc minutes. Each photodiode subtends 6.3 , and the photodiode array can be positioned at any angle with up to 10 arc minute angular resolution.
I. INTRODUCTION
T O accurately predict light distribution in Monte Carlo simulations, e.g., by using DETECT [1] , [2] , Litrani [3] , Geant4 [4] , [5] , or GATE [6] - [9] Monte Carlo software, surface reflections have to be well understood. Studies of surface reflection can be approached by 1) physical optics models [10] - [16] (which use electromagnetic wave theory to analyze the reflection of incident light), 2) geometrical optics models [17] - [20] (which use the short wavelength-compared to the surface irregularities-to simplify the physical model), or 3) measuring the actual angular distribution. The theoretical models classify reflections into linear combinations of specular reflection and diffuse reflection. For a review of the various theoretical reflection models, we refer the reader to a detailed description by Nayer et al. [21] . Although the theoretical models are fairly successful at predicting the degree of diffuse reflection versus specular reflection, the results are estimates of the real world. Furthermore, surface characteristics are not always known and many materials used as reflectors are designed to enhance special optical features that have not been incorporated into the models in the Monte Carlo software. Existing Monte Carlo simulation code therefore allows the surface properties to be set to either specular, diffuse, or a linear combination of the two, and more advanced settings are not available.
The aim of this work is to investigate the angular distribution produced for light reflected by commonly used reflectors. The results will be incorporated into existing Monte Carlo models and aid in improving Monte Carlo simulations for air-coupled reflectors.
II. BACKGROUND

A. Specular Versus Diffuse Reflection
Specular (mirror-like) reflection occurs when a surface is very smooth. An incident ray of light is reflected by the surface into a single ray of light with the reflection angle being equal to the incident angle. Diffuse reflection, on the other hand, is produced from rough surfaces and from scattering from inside of the reflector material and is characterized by the light being reflected through a broad distribution of angles, even for a single angle of incidence. A special case of diffuse reflection is a Lambertian surface, which by definition appears equally bright from all viewing angles. Another way of stating this is that the emitted light from the reflection surface is proportional to the cosine of the angle between the surface normal and the angle of observation. This is known as Lambert's cosine law. Since the surface area seen from the same angle of observation is the product of the surface area and the cosine of the same angle, and light intensity is equal to emitted light divided by area, the two cosines cancel out, which leads to the original definition of a Lambertian surface.
What this means for our measurements is that although a Lambertian surface will appear equally bright from all viewing angles, for Lambertian surfaces we should measure a cosine function, as illustrated in Fig. 1 , independent of the incident angle.
III. METHODS
A. Instrument
An instrument for measuring the angular distribution of reflectance has been designed and built [22] . Table I displays important characteristics of the instrument and a mechanical drawing is displayed in Fig. 2 .
A laser beam, which can be rotated from theta to , is aimed towards the center of a 50.8-mm diameter plate, which holds a reflector sample. The laser beam is reflected by the reflector and the reflected light distribution is measured by a movable semi-circular array of photodiodes. The array can (independently) be rotated from theta to and can thereby measure the angular distribution over the entire solid angle. The laser is a 440-nm un-polarized laser with beam diameter and 1.0% power stability over 48 hours. The array consists of 36 Hamamatsu [Japan] S8729 PIN photodiodes. The 4 5 photodiodes are mounted in two rows, offset to each other by half the length of a photodiode, with each diode subtending 6.3 . All photodiodes are mounted at the same distance from the reflection spot and cover equal solid angles. The currents from the photodiodes are switched through a multiplexer to a digital multimeter, where the current is recorded. The current measurement has a dynamic range of . A LabVIEW program controls the motion of the laser and photodiodes, the multiplexer switch, and the data collection. The mechanical set-up is placed inside of a light-tight box.
B. Methods
Each reflector sample was examined for laser incidence angles from to in steps of 4 . For each laser incidence angle, the photodiode array was stepped from theta to with 4 steps. At each photodiode theta angle, all 36 photodiodes were read out. Each photodiode measurement was averaged for 3 s. (The digital multimeter reads the current at discrete times, so 3 s acquisition time is equivalent to 10 single consecutive measurements). The data was saved for each laser angle in separate text-files for post-processing.
To eliminate the effect of the dark current and any stray light, a background subtraction was performed for all the acquired data. The background was measured in a separate acquisition with a black hole in the center of the set-up. The black hole was simply a hole through a black cloth with more black cloth covering the insides of the hole.
We use a 4 (theta) 5 (phi) angular grid to display our results. The photodiode centers are located 5 apart, while a photodiode covers 4 in the theta direction. Because of this, we chose the theta step size for the photodiode arch to be 4 , as previously mentioned at the beginning of this section. Our results, after each photodiode precise location was calculated for each current measurement, were rebinned to this 4 5 grid.
Linear interpolation was thereafter performed for any un-sampled areas. Un-sampled areas occur when the laser and the detector arch are at the same value of theta, as the detector arch blocks the incident laser beam. When this occurs, signals that vary rapidly with angle (e.g., specular reflection) cannot be accurately determined. However, slower varying functions (e.g., diffuse distributions) can still be estimated with linear interpolation. We have removed some material from the support arch for the photodiode array to minimize the range of the un-sampled angles.
Finally, the reflectivity coefficient was calculated for each laser angle by integrating the measured light over the of solid angle. The reflectivity was normalized to the value of the four layer thick Teflon ® tape. For those reflectors that exhibited a combination of Lambertian and specular reflection (titanium dioxide paint and Teflon ® tape), the proportions between the two were calculated by integrating the signal in each light component. This was done by fitting a cosine-function to the angular distribution with the least square method and using the fitted function to calculate the Lambertian portion of the signal. The remaining part of the signal was assumed to be the specular portion of the signal. Fig. 3 . Angular distributions for selected reflectors. All shown data are for laser incidence angle of theta equal to 50 . Each data set is shown with a contour plot with 8 equally distant isometric lines. A) VM2000 film (All the ESR films showed same distribution, both front side and back side, and VM2000 is shown to illustrate the distribution), B) aluminum foil, C) titanium dioxide paint, D) three layers of Teflon ® tape, E) Tyvek ® paper, and F) Lumirror ® .
C. Reflector Materials
We examined a total of eleven samples of reflective materials. All the reflector samples were placed on a glass slide to ensure a flat and horizontal surface.
We measured four specular reflectors; aluminum foil [Kaiser Foil, Northbrook, IL] measuring 30 in thickness, and three separate versions of ESR (Enhanced Specular Reflector) film by 3M [St. Paul, MN]: VM2000, VM2002, and VM3000. The VM-series is the old labeling system for the ESR films and the number indicates its generation. Each film had its protective coating removed before measurements were performed, and was 65 in thickness. We performed measurements on three diffuse reflectors. White titanium dioxide paint [NE560, Nuclear Enterprises, Inc., San Carlos, CA] was evenly painted onto a glass slide and allowed to dry before measurements. The paint thickness was 75-100
. We examined two types of polytetrafluoroethylene (PTFE) tapes, a well-known Lambertian material [23] - [26] in thickness were also characterized.
IV. RESULTS
The angular distributions for incidence angle theta equal to 50 are displayed in Fig. 3 for some selected samples. The results are displayed as contour plots with 8 isometric lines. Figs. 4-11 display center profiles of the angular distribution for the various reflectors for selected incidence angles.
All the ERS films, both back and front sides, showed comparable specular reflection. The angular distribution for VM2000 film is shown in Fig. 3(a) . For incident angle 14 and greater, the specular reflection peak has a constant intensity at the reflection angle equal to the incident angle, as shown in Fig. 4 . Below this angle, the peak falls in the un-sampled areas, and cannot be measured with our setup.
Aluminum foil exhibited specular reflection similar to the ESR films, but with a wider angular width of the specular peak, as can be seen in Fig. 3(b) . The integrated light intensity in the specular peak is constant and as we increased the incidence angle, the width of the reflection peak decreased, increasing the height of the peak, see Fig. 5 .
Titanium dioxide displayed a Lambertian distribution for incidence angles up to 50 , as shown in Figs. 5(c) and 6. Above 50 a specular peak started developing and the specular peak increased in strength with increasing incident angles while the diffuse portion decreased. The specular portion of the light distribution is less than 1% below incidence angles of 50 , but grows as high as 30% at large incidence angles, as can be seen in Fig. 12 . Fig. 8 . Glossy Teflon ® tape's angular distribution profiles for phi equal to 0 and for incidence angles of 14 , 38 , 50 , 62 and 74 . The peak for incidence angle 74 reaches 0.057 on the "Relative Light Intensity" scale. Fig. 9 . Tyvek ® paper's angular distribution profiles for phi equal to 0 and for incidence angles of 26 to 74 (in 12 steps). The PTFE tapes exhibited a nearly pure Lambertian distribution, see Figs. 3, 7, and 8. For the three-layer thick, as well as for the four-layer thick, ACE Teflon ® tape there is an additional small specular peak that is relatively broad. The light intensity in this specular peak is roughly 2% for incidence angles below 40 . Above 40 , the specular peak grows, again becoming as large as 25% -30% for large incidence angles, as can be seen in Figs. 7 and 12 . The same observations are true for the 90 thick glossier PTFE tape, with the exception of the specular peak being narrower and much larger in amplitude. However, the total light intensity in the specular peak is about 2% for low incidence angles, approximately the same as for the ACE Teflon ® tape, as can be seen in Fig. 12. Figs. 3(d) and 7 display the angular light distribution for three layer thick ACE Teflon ® tape, while Fig. 8 displays the distribution for glossy PTFE tape.
The Tyvek ® paper displayed a distribution that is neither specular, diffuse, nor a linear combination of the two distributions, as can be seen in Figs. 3(e) and 9. The geometrical shape of the distribution is roughly triangular, with its peak located at the reflection angle roughly equal to the incidence angle.
Lumirror ® and Melinex ® have very similar reflection distribution shapes. As with Tyvek ® , neither of them displays a linear combination of specular and diffuse reflection distributions. The distribution can instead be described as a sharp volcano shape, or a needle poking up through a very flexible membrane. The reflection peaks for Lumirror ® are about twice as wide compared to Melinex ® 's peaks. The distribution for Lumirror ® is displayed in Figs. 3(f) and 10, while the distribution for Melinex ® is displayed in Fig. 11 .
For all reflector samples, the reflectivity coefficient was calculated for all incidence angles. It was measured to be constant 
V. CONCLUSIONS
We have measured the angular distribution of the reflection from commonly used reflector materials. All distributions are smoothly varying functions. ESR films and aluminum foil were measured to be specular reflectors. Titanium dioxide paint and Teflon ® tape were measured to be Lambertian reflectors, although a specular component appeared at large incident angles. Theoretical models predict these specular peaks, for instance the Beckmann-Spizzichino model [10] . Lumirror ® , Melinex ® , and Tyvek ® paper cannot be described as specular reflectors, diffuse reflectors, nor linear combination of the two, but instead more complex reflection distributions were measured. These results suggest that existing Monte Carlo methods are unlikely to accurately simulate anything other than specular reflections, and may explain the difficulties in validating these models.
The reflectivity coefficients were calculated from the measured data, and most reflectors had reflection coefficients within a few percent of each other. PTFE exhibited the highest reflection coefficient, which has been measured by others [23] - [25] to be 99% at 440 nm.
It is not possible for the casual user to include the measured data into existing Monte Carlo simulations, as non-trivial Monte Carlo code modifications are necessary. We are planning to make these modifications and hope to make them part of the standard Monte Carlo packages. This will aid in creating more accurate Monte Carlo simulation models.
